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ABSTRACT
Blood vessel formation is essential for vertebrate development and is
primarily achieved by angiogenesis – endothelial cell sprouting from
pre-existing vessels. Vessel networks expandwhen sprouts form new
connections, a process whose regulation is poorly understood. Here,
we show that vessel anastomosis is spatially regulated by Flt1
(VEGFR1), a VEGFA receptor that acts as a decoy receptor. In vivo,
expanding vessel networks favor interactions with Flt1mutant mouse
endothelial cells. Live imaging in human endothelial cells in vitro
revealed that stable connections are preceded by transient contacts
from extending sprouts, suggesting sampling of potential target sites,
and lowered Flt1 levels reduced transient contacts and increased
VEGFA signaling. Endothelial cells at target sites with reduced Flt1
and/or elevated protrusive activity were more likely to form stable
connections with incoming sprouts. Target cells with reduced
membrane-localized Flt1 (mFlt1), but not soluble Flt1, recapitulated
the bias towards stable connections, suggesting that relative mFlt1
expression spatially influences the selection of stable connections.
Thus, sprout anastomosis parameters are regulated by VEGFA
signaling, and stable connections are spatially regulated by
endothelial cell-intrinsic modulation of mFlt1, suggesting new ways
to manipulate vessel network formation.
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INTRODUCTION
Blood vessel formation is an essential, conserved process in
vertebrates that provides oxygen and nutrients to tissues and organs
(Carmeliet, 2005; Adams and Alitalo, 2007; Chappell and Bautch,
2010). Aberrant angiogenesis is associated with disease; for
example, tumor angiogenesis is one of the hallmarks of cancer
(Hanahan and Weinberg, 2011). Blood vessel development during
embryogenesis is a multistep process that begins with primitive
vessel formation from endothelial progenitor cells via
vasculogenesis (Risau and Flamme, 1995; Drake and Fleming,
2000; Xu and Cleaver, 2011), and the subsequent formation of
branched vessel networks by sprouting angiogenesis. Sprouting
angiogenesis is initiated by endothelial cells that proliferate, extend
processes, migrate into extravascular space, and finally connect, or
anastomose, with another vessel (Betz et al., 2016; Blanco and
Gerhardt, 2013; Larrivée et al., 2009).
Vascular endothelial growth factor A (VEGF) is one of several
developmental signaling pathways required for sprouting
angiogenesis (Shibuya, 2013; Simons et al., 2016). VEGF binds
to the endothelial cell-expressed receptor tyrosine kinases Flk1
(VEGFR2, Kdr) and Flt1 (VEGFR1). VEGF-bound Flk1 triggers a
signaling cascade that promotes endothelial cell proliferation,
chemotaxis and cell survival, thereby initiating and sustaining
sprouting angiogenesis (Khurana et al., 2005; Koch et al., 2011).
Flt1 is alternatively spliced to generate two isoforms: a membrane-
localized tyrosine kinase receptor (mFlt1) and a soluble isoform
lacking the transmembrane and tyrosine kinase domains (sFlt1)
(Kendall and Thomas, 1993). Both isoforms of Flt1 have a 10-fold
higher binding affinity for VEGFA ligand than Flk1, and complete
genetic deletion is embryonic lethal in mice (Kendall and Thomas,
1993; Fong et al., 1995). Nonetheless, sFlt1 cannot independently
signal, and mFlt1 has weak kinase activity that is not required for
developmental angiogenesis (Ito et al., 1998; Hiratsuka et al., 1998).
Thus, Flt1 functions as an endothelial cell-intrinsic decoy receptor
or ligand sink to negatively modulate VEGF signaling amplitude
during angiogenesis.
Stages of sprouting angiogenesis include sprout initiation,
extension, anastomosis, and lumenization (Chappell et al., 2011;
Geudens and Gerhardt, 2011). Sprout initiation, extension and
lumen formation are relatively well understood processes, whereas
anastomosis is less so. Recent zebrafish studies revealed a role for
endothelial cell filopodia in vessel anastomosis, and found that
adherens junction-mediated cell rearrangements subsequent to
connection promote lumen formation (Lenard et al., 2013; Phng
et al., 2013). However, it is unknown whether the site or timing of
sprout anastomosis is regulated.
We recently showed that Flt1 positively affects the stability of
new conduits, suggesting that Flt1 might regulate aspects of
anastomosis that affect stability (Chappell et al., 2016). Here, we
show that extending sprouts form transient contacts before
establishing stable connections. Flt1 regulates the frequency of
transient contacts and the probability of a target site being used for a
permanent connection, and this spatial selectivity requires mFlt1.
These results indicate that blood vessel anastomosis is temporally
and spatially regulated by endothelial cell-intrinsic signaling.
RESULTS
Flt1 influences retinal vessel interactions
Global or vascular-selective deletion of Flt1 in mouse postnatal
retinal vessels increases overall sprouting (Chappell et al., 2009; Ho
et al., 2012; J.C.C. and V.L.B., unpublished). To examine the role of
negative modulation of VEGFA signaling in sprout anastomosis, weReceived 10 October 2016; Accepted 10 January 2017
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used low-dose tamoxifen treatment to induce mosaic excision of
Flt1 in retinal vessels. We monitored individual endothelial cells
lacking Flt1 function using an excision reporter to visualize Cre
recombinase activity via tdTomato expression (Fig. 1).
Sprouts were defined as previously described (Chappell et al.,
2009), and interactions between sprouts and vessels at the vascular
front were identified in mouse retinas at postnatal day (P) 5
(Fig. 1Ai-iii). The interacting endothelial cells were classified based
on cytoplasmic reporter expression or lack thereof in the endothelial
cell from which filopodia extended (Fig. 1B,C). Wild-type (WT)
sprouts were linked to Flt1−/− endothelial cells significantly more
often than to WT cells, and this bias differed significantly from the
frequency of Flt1−/− endothelial cells in retinal vessels (Fig. 1D).
Because loss of Flt1 is reported to bias endothelial cells to the tips of
vascular sprouts (Jakobsson et al., 2010), we also measured
mosaicism at the retinal vascular front and found an insignificant
bias that did not account for the frequency of WT sprouts that
showed interactions with Flt1−/− endothelial cells (Fig. 1D). These
data suggest that reduced Flt1 levels in endothelial cells promote
sprout interactions that are likely to lead to new branches. However,
further analysis of sprout anastomosis in mouse retinas was
hampered by our inability to follow this dynamic process over
extended time periods and determine what precedes and follows the
observed static interactions. Moreover, most retinal interactions are
at the front and consist of two sprouts intersecting, which does not
allow for analysis of target site selectivity.
Transient contacts precede stable blood vessel connections
To better understand the dynamics of blood vessel anastomosis, we
turned to primary human umbilical vein endothelial cells (HUVECs)
in a 3D sprouting angiogenesis assay to model mammalian
angiogenesis and anastomosis in vitro (Nakatsu and Hughes, 2008).
HUVECs coated onto beads and placed in a fibrin matrix form
lumenized sprouts that often connect with targets over 3-7 days.
LifeAct-expressing HUVECs were imaged from days (d) 3-5 of
sprouting, allowing for visualization of F-actin in live cells and
dynamic assessment of endothelial cell behaviors preceding and
during anastomosis (Fig. 2A, Movie 1). Wewere surprised to see two
distinct forms of interaction between extending sprouts and potential
targets. We scored cytoplasmic extensions from the sprout that
exhibited brief, limited interactions (present for only one 10 min
frame) with potential targets, that we termed transient contacts
(Fig. 2Ai-iv, Fig. S1A,B). Transient contacts were observed with
LifeAct fluorescence and with differential interference contrast (DIC)
optics (Fig. 2Ai-iv). We also documented interactions of longer
duration, termed stable connections, that persisted for at least 30 min
and were often coincident with a widened sprout front and/or lumen
formation (Fig. 2Av-viii). Transient contacts occurred on average four
times prior to a sprout forming a stable connection (Fig. 2B). These
transient contacts occurred throughout the lifetime of the sprout and at
varying distances from the eventual connection site (Fig. 2C,D).
To further characterize the transient contacts that precede stable
sprout connections, we quantified the LifeAct fluorescence
intensity at transient contact locations prior to, during, and
subsequent to the transient contact (Fig. 2E,F). Fluorescence
intensity in the contact area was increased at the contact site
compared with either side (Fig. 2E) and was higher at the contact
site during contact than at either pre-contact or post-contact times
(Fig. 2F), confirming the transient nature of these interactions.
Taken together, these results indicate that endothelial cell
cytoplasmic extensions transiently ʻsample’ potential target areas
before forming a sustained connection.
Flt1 regulates the number of transient contacts
Given the observed effects of Flt1 loss on sprout anastomosis
in vivo, we hypothesized that blood vessel anastomosis is a
regulated rather than a stochastic process, and we further posited that
VEGFA signaling regulates aspects of anastomosis. We
manipulated VEGFA signaling in HUVECs by reducing levels of
the negative modulator Flt1. We generated and validated a lentivirus
shRNA targeted against both isoforms of FLT1 (Fig. S2A,B) and
showed a high infection efficiency by flow cytometry (Fig. S2C).
We used the sprouting angiogenesis assay and analysis of two static
endpoints to verify effects of FLT1 knockdown (KD) (Fig. S2D,E).
The number of HUVEC sprouts that emanate from each bead was
used to assess overall efficiency of the assay, and this parameter was
unaffected by FLT1 KD (Fig. S2F). By contrast, branch point
numbers, a static outcome of numerous endothelial cell behaviors
that include, but are not limited to, anastomosis, were significantly
increased by FLT1 KD (Fig. S2G), supporting the predicted effects
Fig. 1. Flt1 influences retinal vessel interactions in vivo. (A) Vascular front
of representative mouse P5 retinal vessel with mosaic loss of Flt1. (Ai) Merge
visualized with excision reporter (Aii, red), vessels (Aiii, green) and nuclei
(blue). Scale bar: 25 µm. (B,C) Higher magnification of left (B) and right (C)
boxed regions in A. Arrow, scored interaction; white dotted lines, the area
behind the extension used to define the category. (D) Quantification of the ratio
of endothelial cell identities (lanes 1, 2) and wild-type endothelial cell
interactions with endothelial cells of the indicated genotype (lane 3). n=7
retinas, 45 sprouts. Paired two-tailed Student’s t-test; **P<0.01, ****P<0.0001.
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of FLT1 KD on overall morphogenesis. We also generated and
validated an siRNA targeting both FLT1 isoforms, and showed that
FLT1 reduction increased the phosphoFLK1/total FLK1 ratio in
HUVECs, consistent with our hypothesis that FLT1 manipulations
affect vessel anastomosis and morphogenesis via elevated VEGFA
signaling (Fig. S2H).
We next focused on how FLT1 levels affected sprout anastomosis.
We previously reported that mouse embryonic stem cell (ESC)-
derived vessels lacking Flt1 via genetic deletion connected more
frequently, and we attributed this overall increase to a combined
increased frequency of sprout initiations and decreased frequency of
sprout retractions (Chappell et al., 2016). Here, we used time-lapse
imaging to specifically focus on the effects of FLT1 on dynamic
aspects of the anastomosis process in sprouting HUVECs (Fig. 3A,B,
Movies 2 and 3). Both control and FLT1 KD sprouts had transient
contacts and formed stable connections, but dynamics were altered
with reduced FLT1 levels. Connections from FLT1 KD sprouts
formed earlier in the time sequence than those from controls, as
measured from the emergence of a ʻtip cell’ phenotype (cell
protrusions and directed migration away from parent vessel) to
stable connection, although the overall distance traveled to the target
was unaltered (Fig. 3C,D). Consistent with the LifeAct analysis,
control sprouts made about four transient contacts prior to forming a
stable connection, but FLT1 KD sprouts averaged fewer than two
transient contacts before forming a stable connection (Fig. 3E).
We also analyzed sprout behavior in ESC-derived vessels that
differentiate over a week and form interconnected lumenized blood
vessel networks (Rylova et al., 2008). ESCs transgenic for PECAM-
eGFP and genetically deleted for Flt1 (Chappell et al., 2009) also
showed earlier connection times, similar connection distances, and
reduced numbers of transient contacts prior to stable connection,
relative to WT controls (Fig. 3F-J, Movies 4 and 5). These results
are consistent with our more global analysis of sprouting
morphogenesis in this model (Chappell et al., 2016), as the
reduced number of transient contacts and time to connection
documented here predict an overall higher connection frequency.
Taken together, these data suggest that sprout anastomosis is a
regulated process, and that the number of transient contacts, which
may reflect exploratory behavior to gather information about
potential targets, is reduced when Flt1 levels are reduced or absent.
Differential FLT1 isoform requirements for sprout
anastomosis
Flt1 regulates angiogenesis through both a membrane-bound decoy
receptor (mFlt1) and a secreted isoform (sFlt1) that also acts as a
ligand sink (Kendall and Thomas, 1993; Roberts et al., 2004). Both
Fig. 2. Blood vessel stable connections
are preceded by transient contacts.
(A) Live imaging of HUVECs infected with
LifeAct. Representative time-lapse stills of
DIC (left) and fluorescence (right) channels
over d3-5. (Ai-iv) Transient contact. Insets
show higher magnification of vessel
interaction scan area. Green arrowhead and
dotted line, location of pre-contact scan;
magenta arrowhead and dotted line,
location of transient contact scan; blue
arrowhead and dotted line, location of post-
contact scan. (Av-viii) Stable connection.
Orange arrow, example of stable
connection. Time (lower left) is h:min. Scale
bars: 25 µm. (B-D) Quantification of
transient contact frequency before stable
connection (B), and relative time (C) and
distance (D) from stable connection site at
transient contact. n=28 sprouts from 12
movies. (E) Fluorescence intensity of
LifeAct at transient contact sites was
quantified across the site pre-contact (Aii,
green line), at contact (Aiii, magenta line)
and post-contact (Aiv, blue line). Arrow
indicates position of contact site.
(F) Fluorescence intensity of LifeAct at
transient contact sites was quantified pre-
contact time (example, green arrowhead in
Aii), at contact time (example, magenta
arrowhead in Aiii) and post-contact time
(example, blue arrowhead in Aiv). n=14
contacts from 9 movies. One-way ANOVA
with Bonferroni’s post-hoc correction;
*P<0.05, **P<0.01. Error bars, mean±
95% CI.
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isoforms can negatively modulate signaling through VEGFA/Flk1
(Kappas et al., 2008; Kendall and Thomas, 1993), but they are
predicted to differentiate with regard to cell autonomy, with mFlt1
presumably acting in a cell-autonomous manner, whereas sFlt1 can
act non-cell-autonomously because it is secreted. We hypothesized
that both activities influence dynamic aspects of anastomosis. We
generated isoform-specific siRNAs that selectively reduced the
levels of mFLT1 in cell lysates or sFLT1 in conditioned medium
(i.e. secreted sFLT1), and validated their efficacy in western blots
and the sprouting assay (Fig. 4A-C, Fig. S3A-F). HUVEC sprouts
with KD of total FLT1 via siRNA mimicked the effects of the
shRNA KD, with no effect on sprouting but significantly increased
branching (Fig. S3A,B,E,F). Likewise, selective KD of either
isoform did not affect sprouting, but KD of mFLT1 increased
branching whereas KD of sFLT1 did not affect branching in this
assay, perhaps because the surrounding 3D matrix is somewhat
artificial (Fig. S3C-F). We then used live imaging to determine the
number of transient contacts that occurred before stable connections
formed, and found that KD of either FLT1 isoform reduced the
number of transient contacts prior to stable connection (Fig. 4D-G).
These results suggest that both FLT1 isoforms are important in
regulating the exploratory behavior of sprouts as they approach
potential connection targets.
We next examined target sites for transient contacts and stable
connections, and asked whether target areas had unique attributes
prior to contact or connection. We focused on targets that were part
of established vessels or sprouts, as opposed to targets that were
other tip cells, so that the incoming (i.e. non-target) sprout in
principle had a choice of sites for the formation of transient contacts
or stable connections. Live imaging of LifeAct-infected HUVECs
in the sprouting angiogenesis assay revealed that some endothelial
cells in the target area exhibited protrusive activity, whereas others
were non-protrusive or static (Fig. 5A,B). Analysis of time stamps
just prior to transient contact or stable connection showed that
subsequent transient contact sites were equally likely to be
protrusive or static, consistent with these contacts being largely
ʻexploratory’ in nature. By contrast, sites for stable connection were
more likely to exhibit protrusive activity prior to connection
(Fig. 5C). Thus, differential cell behavior prior to stable connection
correlates with target sites for forming these connections,
suggesting that protrusive activity contributes to the spatial
selectivity for connection target sites during anastomosis.
Because protrusive activity is associated with endothelial cells
that will subsequently form stable connections, and protrusive
activity is associated with loss of Flt1 (Chappell et al., 2016), we
hypothesized that FLT1 levels within individual target endothelial
cells would affect the probability of forming a stable connection.We
first examined FLT1 expression at target sites. Endogenous Flt1
levels are heterogeneous in developing blood vessels (Kappas et al.,
2008; Chappell et al., 2009), sowe predicted that this heterogeneous
expression would contribute to target site selection during sprout
anastomosis. Fixed-image staining, using PECAM1 to define cell
borders and interactions, revealed that FLT1 intensity was decreased
in target endothelial cells that were ʻtouched’ by sprouts (note that
contacts versus connections cannot be distinguished in the absence
of live imaging) compared with neighboring cells (Fig. 5D,E).
Next, we manipulated FLT1 expression at the target site by
generating mosaic HUVEC vessels that were a 50:50 mixture of
endothelial cells with FLT1KD (green) and control endothelial cells
(magenta). The mosaic beads were incubated with control beads
coated with unmanipulated endothelial cells lacking reporter
expression (Fig. S4A). We then live-imaged unmanipulated
Fig. 3. Transient contact dynamics
during vessel anastomosis are
regulated by Flt1. (A,B) Representative
time-lapse stills of d3-5 HUVEC sprouts
infected with lentivirus encoding (EV)
control (A) and shFlt1 (B). Transient
contact, red arrowhead; stable
connection, red arrow. Insets show
higher magnification of vessel
interactions. Time, h:min. EV control,
n=27 sprouts; shFlt1, n=41 sprouts.
(C-E) Quantification of time and distance
to connection and the number of
contacts made before stable connection
for experiments illustrated in A,B.
(F,G) Representative time-lapse stills of
WT (F) and Flt1−/− (G) ESC-derived
vessels at d6 of differentiation. Transient
contact, red arrowhead; stable
connection, red arrow. Insets show
higher magnification of vessel
interactions. (H-J) Quantification of time
and distance to connection and the
number of contacts made before stable
connection for experiments illustrated in
F,G. WT, n=88 sprouts; Flt1−/−, n=48
sprouts. Two-tailed Student’s t-test;
**P<0.01, ***P<001, ****P<0.0001;
NS, not significant. Error bars, mean
±95% CI. Scale bars: 25 µm in A,B;
10 µm in F,G.
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sprouts as they approached mosaic target areas to analyze their
behavior. Controls in which neither reporter was linked to FLT1KD
showed no bias in either transient contact or stable connection target
site selection, relative to input or to each other (Fig. S4B). By
contrast, in experiments in which both control and FLT1 KD
endothelial cells were available as targets, there was a significant
bias towards FLT1 KD endothelial cells as connection targets
relative to contact (Fig. 5F, Fig. S4C, Movie 6). These data show
that contact and connection biases differ, further supporting our
model whereby transient contacts are unbiased exploratory behavior
whereas stable connections are biased for target site. These results
also show a role for FLT1 in target site selection, indicating that
aspects of sprout anastomosis are regulated.
We next examined the role of each FLT1 isoform in the
preference for endothelial cells with reduced FLT1 as stable
connection sites. We live-imaged mosaic target vessels with control
endothelial cells mixed with endothelial cells with KD of total
FLT1, mFLT1 or sFLT1 via siRNA. Similar to total FLT1 KD by
shRNA, siRNA FLT1 KD endothelial cells were significantly more
likely to form stable connections relative to transient contacts, and
this bias was recapitulated by selective reduction of mFLT1 from
endothelial cells, but not by selective reduction of sFLT1 (Fig. 5G-
I). Taken together, these findings indicate that sprouts sample
potential targets in an unbiased way via transient contacts, and form
stable connections with target site selectivity influenced by relative
mFLT1 levels.
DISCUSSION
Here, we highlight dynamic features of blood vessel sprout
anastomosis, and find that connection site selection is a regulated
rather than completely stochastic process. We show that, in
developing vessel networks, connection target site selectivity is
regulated by levels of the VEGF receptor Flt1. We find that
numerous transient contacts occur prior to the formation of stable
connections. Flt1 regulates the number of transient contacts, but
these contacts are unbiased relative to Flt1 levels at individual sites
of contact, suggesting that transient contacts are ʻexploratory’ in
nature. By contrast, sites of anastomosis are biased for target
endothelial cells with lower levels of Flt1, and presumably higher
levels of VEGF signaling (Fig. 5J). This bias depends on mFlt1 but
not sFlt1, consistent with the idea that target site selection is
regulated in a cell-autonomous manner by a membrane-localized
decoy receptor for VEGFA.
The ability of sprouts to transiently contact potential targets prior
to, and distinct from, the formation of stable contacts has not been
reported in sprouting vessels; instead, previous studies suggest that
most interactions between sprouts and vessels result in a stable
connection (Lenard et al., 2013; Phng et al., 2013; Gebala et al.,
2016). Our results indicate that endothelial cell ʻsampling’ occurs
prior to the formation of stable connections in expanding vessel
networks where sprouts have ʻchoices’. These brief interactions
are likely to impart information to the sprout regarding the
appropriateness of a given endothelial cell for stable connection.
The transient contacts are initiated by cytoplasmic projections from
actively migrating sprout tips that include, but are not limited to,
filopodia, and have an actin cytoskeleton as revealed by LifeAct
labeling. Although we cannot rigorously determine the nature of the
actin filaments, we believe the extensions are likely to come from
the cortical pool, as there is little evidence of actin-based stress
fibers in the motile endothelial tip cells.
We propose that connections formed without the spatial input
conferred by heterogeneous Flt1 expression in the target area are
more likely to collapse into other vessels in crowded conditions,
such as those seen in the ESC-derived vessels, while in the artificial
Fig. 4. Both Flt1 isoforms reduce transient contacts
prior to connection. (A) Schematic showing Flt1
isoforms and sequences targeted by the indicated
siRNAs. (B,C) Western blot of HUVEC lysates (B) and
concentrated conditioned media (C) with indicated
knockdowns. Control (NT), total FLT1 KD (si-Flt1),
soluble FLT1 KD (si-sFlt1), membrane-tethered FLT1 KD
(si-mFlt1). Fold change from control is shown beneath
lanes. (D) Quantification of the number of contacts prior to
connection. One-way ANOVA with Bonferroni’s post-hoc
correction; **P<0.01, ****P<0.0001; NS, not significant.
Error bars, mean±95% CI. (E-G) Stills from DIC movies
showing examples of transient contacts (E-G, red
arrowheads) and stable connections (F,G, red arrows)
with the indicated treatments. Time, h:min. Scale bars:
10 µm.
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matrix the same loss of selectivity increases the overall number of
new connections that are scored as branch points in the fixed-image
analyses. This idea is supported by our previous finding that
connections formed by ESC-derived vessels lacking Flt1 are less
likely to lead to stable connections; instead, these vessels did often
collapse into the vessel network without contributing a new conduit
(Chappell et al., 2016). Although numerous aspects of Flt1 loss may
contribute to this outcome, here we show that sprouts with reduced
Flt1 have fewer transient contacts prior to connection, indicating
reduced exploratory or sampling behavior that may lead to
suboptimal connections in terms of proximity to another
connected sprout or vessel. Thus, transient contacts might be a
mechanism whereby endothelial sprouts sense the local
environment for a connection site optimized to form a new conduit.
Initial analysis of mosaic retinal vessels revealed that WT sprouts
interacted more often with Flt1−/− cells. This bias was also found in
HUVEC mosaic vessel targets with reduced FLT1. Thus, cells with
reduced Flt1, which are likely to have higher levels of VEGF
signaling, are favored as sites of stable connection, and this bias
depends on the expression of the membrane-bound decoy VEGF
receptor, mFlt1. Heterogeneous Flt1 expression and Flk1 activity
influence sprout initiation and extension (Chappell et al., 2009;
Arima et al., 2011; Jakobsson et al., 2010; Kappas et al., 2008;
Chappell et al., 2013), and our data extend the regulatory impact of
heterogeneous VEGF signaling in the patterning of blood vessels to
anastomosis. Membrane-bound Flt1 appears essential for the
anastomosis selectivity, which is consistent with its cell-
autonomous role in endothelial cells, relative to sFlt1 that is
secreted and has potential to affect aspects of sprouting non-cell-
autonomously (Chappell et al., 2009; Kappas et al., 2008). Flt1 is
required for normal developmental angiogenesis, although not as a
signaling receptor (Fong et al., 1995; Hiratsuka et al., 1998), so it is
likely that mFlt1 influences connection site selectivity in its role as a
membrane-tethered decoy receptor that alters VEGF signaling in
endothelial cells (Meyer et al., 2006; Anisimov et al., 2013). Here,
we confirm that reduced Flt1 in endothelial cells leads to increased
levels of active Flk1 (Kappas et al., 2008; Roberts et al., 2004),
which is consistent with our observation of increased protrusive
activity of target endothelial cells that appear favored as stable
connection sites.
In summary, this work shows that endothelial sprout anastomosis
is a regulated process and implicates VEGF signaling in both the
exploratory behavior that precedes the formation of stable
connections and connection target site choice. These findings
suggest that the location and timing of establishing a stable
connection are essential in forming a new conduit in vascular beds
that do not have an imposed pre-pattern. This requirement for Flt1 in
the regulated patterning of anastomoses suggests a novel role for the
VEGF signaling pathway in blood vessel patterning, and potentially
new ways to regulate vascular network formation with implications
for regenerative medicine.
MATERIALS AND METHODS
Retinal angiogenesis imaging and analysis
Mice (Mus musculus) with Flt1flox/flox alleles (Genentech) were bred with
Tg(UBC-cre/ERT2) (Jackson Laboratory #007001) mice that also carried
the Cre-mediated recombination reporter gene R26R TdTomato [Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze, Jackson Laboratory #007914]. Mice were
maintained in accordance with the University of North Carolina, Chapel
Hill, Institutional Animal Care and Use Committee. Mosaic Cre excision of
vessels was accomplished by intraperitoneal injection of 0.5 mg/ml
tamoxifen (MP Biomedicals) at P2. P5 retinas were perfusion fixed with
0.5% paraformaldehyde (PFA) in PBS, harvested, and fixed for 2 h with 2%
Fig. 5. Target vessel connection site is biased by Flt1. (A,B) Representative
images of LifeAct-infected 3D HUVEC sprouts and targets showing transient
contacts interacting with a static (A) or protrusive (B) target cell. Green
arrowheads, LifeAct-positive protrusions. (C) Quantification of target cell
protrusions (seeMaterials andMethods for definition of ‘static’ and ‘protrusive’)
at time stamp immediately preceding contact (n=63 events) or connection
(n=18 events). Observed versus expected binomial test; **P<0.01.
(D) Representative HUVEC vessel at d5 (left; with indicated staining) and Flt1
channel only (right). Interacting target cell (red outline) and neighboring
potential target cells (blue outline) of representative HUVEC vessels are noted.
(E) The relative Flt1 staining intensity between pairs of endothelial cells was
quantified (n=29 pairs). Unpaired Student’s t-test versus no difference (red
line); *P<0.05. (F) Representative time-lapse images from d3-5 of WT sprout
(no label) and target vessel with 50% Flt1 KD endothelial cells (green) and
50% WT cells (magenta). Time, h:min. Stable connection, red arrow.
(G-I) Percentage of transient contacts and stable connections with endothelial
cells of the indicated type in mosaic target vessels. si-Flt1, n=41 contacts from
n=12 connections; si-mFlt1, n=57 contacts from n=17 connections; si-sFlt1,
n=53 contacts from n=17 connections. Observed versus expected binomial
test; **P<0.01; NS, not significant. (J) Schematic of anastomosis dynamics and
connection site selection during angiogenesis. Scale bars: 10 µm in A,B;
25 µm in D,F.
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PFA. Retinas were rinsed, stained for isolectin B4 and with DAPI, and
mounted using established protocols (Chappell et al., 2009). Images were
acquired on a Leica DMI 6000B or Zeiss LSM 880 confocal microscope at
40× magnification, with optimal z-stacks compressed post-acquisition using
ImageJ software. Antibodies are detailed in Table S1.
Sprouts were identified at the angiogenic front using previously
established methods (Chappell et al., 2009). Cellular genetic identity was
classified from reporter expression during analysis, and interactions between
sprouts and other sprouts/vessels were identified as overlap of cellular
extensions with other extensions/cells in the isolectin B4 channel. Excision
within retinal vessels was scored by comparing the percentage of isolectin+/
tdTomato−/DAPI+ endothelial cells (wild-type) with isolectin+/tdTomato+/
DAPI+ (Flt1−/−) endothelial cells in the indicated areas of the retinal
vasculature at P5.
Cell lines and culture
HUVECs (Lonza) were maintained in EBM-2 media with the EGM Bullet
Kit and 1× antibiotic/antimycotic (Sigma) according to the manufacturer’s
directions. Normal human lung fibroblasts (Lonza) were maintained in high-
glucose DMEM supplemented with 10% FBS and 1× antibiotic/
antimycotic. ESCs isolated from WT mice and Flt1−/− mice (gift from
G.H. Fong) were maintained and differentiated as previously described
(Rylova et al., 2008).
Protein quantification
Protein analysis was performed on culture medium after concentration using
Pierce Protein Concentrators (10 MWCO, Fisher Scientific) or on cell
lysates collected in radioimmunoprecipitation assay buffer plus 1×protease
inhibitor cocktail (Cell Signaling). Western blot analysis was performed
48 h after lentivirus infection or siRNA transfection. Briefly, protein was
quantified by the Bradford reaction (Bio-Rad) and equivalent protein
amounts were subject to 7.5% SDS-PAGE. Protein was transferred to a
polyvinylidene fluoride membrane, stained with Ponceau S solution to
visualize transferred protein and then incubated with the appropriate
primary antibody in Tris-buffered saline (TBS) or PBS with 0.5% Triton
X-100 (Sigma). Horseradish peroxidase-conjugated secondary antibody
was incubated with membranes for 1 h at room temperature and
chemiluminescent detection was performed using Luminata Forte Western
Substrate (EMD Millipore). Antibodies are detailed in Table S1.
Lentivirus and siRNA knockdown
The Flt1 shRNA construct (RHS3979-201732907, Dharmacon) was
modified to include GFP in addition to shFlt1. Lentivirus was produced
by the UNC LentiCore Facility. Lentivirus was incubated with endothelial
cells for 6 h with addition of 0.25 µg/ml polybrene (EMD Millipore).
Lentiviral infection with LifeAct-GFP or LifeAct-RFP [gift from Rusty
Lansford (Addgene plasmid #51010) or Weiping Han (Addgene plasmid
#64048), respectively] allowed for visualization of F-actin.
siRNAKDwas performed by 6 h incubation with RNAimax (Invitrogen)
and a commercially designed and validated targeted construct against total
Flt1 (Life Technologies) or siRNA constructs, self-designed and self-
validated with locked nucleic acid (LNA) ends, targeting the unique
portions of either sFlt1 or mFlt1 (Exiqon). Targeted sequences are listed in
Table S2. KD by shRNA infection was initially assessed by qRT-PCR (see
Table S3 for primers) and western blot and confirmed by GFP fluorescence;
subsequent shRNA KD efficiency was assessed by GFP fluorescence.
Transfection efficiency for isoform-selective KD was quantified by western
blot for each experiment.
HUVEC sprouting angiogenesis assay imaging and analysis
The HUVEC sprouting angiogenesis assay was set up as described (Nakatsu
and Hughes, 2008). Briefly, HUVECs were trypsinized, combined with
Cytodex microcarrier beads (Sigma), then incubated with periodic agitation
for 4 h. Following overnight growth, the HUVEC-coated microcarrier beads
were embedded in a 1.5% fibrinogen-thrombin gel that was allowed to
polymerize at 37°C for 15-45 min, and then a layer of normal lung
fibroblasts was seeded on top of the solidified fibrinogen gel.
Dynamic imaging of d3-5 HUVEC sprouts and vessels was performed
on an Olympus VivaView incubator fluorescence inverted microscope at
10×magnification with image acquisition at 10 min intervals for 42 h. Fixed
imagingwas performed at d5. After removing fibroblasts, cultureswere fixed
with 4% PFA for 15 min at room temperature. Cultures were permeabilized
using 0.1% Triton X-100 (Sigma) in TBS or PBS for 2-4 h at room
temperature and then blocked at 4°C overnight in TBS or PBS with 0.1%
Tween 20 (TBST or PBST) and 5% goat serum (blocking buffer). Primary
antibodies were incubated as indicated in Table S1, washed with blocking
buffer overnight and incubated overnight at 4°C with either goat anti-mouse
Alexa-Fluor-conjugated secondary or goat anti-rabbit Alexa-Fluor-
conjugated secondary in TBST or PBST (Life Technologies). Confocal
images were acquired on an Olympus FV1200 system using a 10× objective
(NA 0.40) and optimal z-stacks, compressed post-acquisition for analysis.
Vessel interactions were scored when two cell bodies overlapped in either
the DIC or fluorescent channels, depending upon the experimental setup.
Interactions classified as transient contacts were defined as overlap in a single
time frame, therefore lasting less than 10 min. Stable connections were defined
as overlap that persisted for at least three time frames, therefore lasting a
minimumof 20 min. Target vessel activity was classified as static or protrusive
based upon the endothelial cells within 30 µm of the interaction site. Static
vessels exhibited no LifeAct-labeled protrusions extending away from the
vessel axis, while protrusive vessels contained a minimum of three extensions,
defined as fluorescent protrusions >4 µm. LifeAct intensity was determined by
performing a line scan (e.g. Fig. 2A) and subtracting nearby background in the
time frame of the contact from the raw values. Maximum intensity of the line
scan at three time frames was used to calculate intensity/time.
ESC-derived vessel imaging and analysis
Generation of ESC lines expressing PECAM-eGFP was previously reported
(Kearney et al., 2004). Dynamic imaging of d7-8 differentiating ESC
cultures was performed as follows: confocal images at either 10× or 20×
magnification using an Olympus FluoView FV1000 or FV10i system, both
with full environmental chambers, were acquired at 4-10 min intervals for
16-20 h. A z-stack, with 4-6 μm between focal planes, of 6-8 images was
acquired at each time point. Post-acquisition compression of z-stack images
into a single image was performed for each time point.
Fluorescence-activated cell sorting (FACS) analysis
HUVECs were sorted by FACS as described in supplementary Materials
and Methods.
mRNA preparation and quantification
RNA was collected 48 h post-treatment, converted to cDNA and analyzed
by qRT-PCR as described in supplementary Materials and Methods.
Statistical analysis
Statistical analyses were performed using GraphPad Prism 6 software.
P<0.05 was considered statistically significant. Statistical methods and
significance are noted in the figure legends.
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